The evolution of recrystallization textures in cold-rolled Ti bearing interstitial free (IF) steel sheets were investigated using X-ray pole figures and electron back scattering diffraction (EBSD). A hot band of IF steel was cold-rolled by 50, 80, and 95 %. The deformation texture of cold-rolled steel sheets consisted approximately of the ͗110͘//RD (a fiber) and the ͗111͘//ND (g fiber) with high densities in the {001}͗110͘, {558}͗110͘, and {665}͗110͘ orientations. When annealed at 695°C, the cold rolled sheets developed a recrystallization texture characterized approximately by the g fiber whose main components were approximated by {111}͗112͘, {334}͗483͘, and {665}͗1 1 2.4͘ which is almost the same as {554}͗225͘. The densities of these orientations increased with increasing cold-rolling reduction. The recrystallized {111}͗112͘, {334}͗483͘, and {665}͗1 1 2.4͘ grains were attributed to the {001}͗110͘, {558}͗110͘, and {665}͗110͘ deformation orientations by the strain energy release maximization (SERM) model for recrystallization texture, in which the absolute maximum internal stress direction in the deformed state tends to be parallel to the minimum Young's modulus direction of recrystallized grains.
Introduction
The recrystallization texture of cold-rolled interstitial free (IF) steel sheets is often characterized by the g fiber (͗111͘//ND) replacing a cold-rolling texture composed of the a fiber (͗110͘//RD) and the g fiber. [1] [2] [3] [4] [5] [6] [7] This has been a subject of interest for many years due to the important role of texture in mechanical behavior of the steel sheets for deep drawing applications. [1] [2] [3] Global texture measurements were often used to characterize and understand the recrystallization texture formation. [5] [6] [7] [8] However, they cannot differentiate the deformed region from the recrystallized region, so they do leave some questions. A recent development in local orientation measurements, especially EBSD, may provide links between the general global texture developments and changes in the microstructures. 3, 4, [9] [10] [11] [12] The formation of g fiber recrystallization texture was often considered from the oriented nucleation 1, 3, 4, 13) and the selective growth. 2, 5, 6) Several studies pointed out that the g fiber nuclei appeared first in deformed g fiber grains and grew as the main texture component during recrystallization. 4, 14, 15) Most of these experiments were performed in 70 to 80% cold-rolling, the usual industrial practices. However, the cold-rolling level is known to have an influence on the recrystallization texture. 6) In 1995, one of the authors advanced a new model for recrystallization textures. 16) In the model, the absolute maximum internal stress direction of a deformed or fabricated material is parallel to the minimum elastic modulus direction of recrystallized grain, whereby the strain energy release can be maximized. The absolute maximum internal stress direction may be obtained from operating slip systems, which are related to the deformation mode and texture. If one slip system is activated, the absolute maximum internal stress direction is parallel to the slip direction. For multiple slip, the absolute maximum internal stress direction can be determined by the vector sum of related slip directions taking their contribution to slip or their activities into account.
This concept originates from the presumption that the stored energy due to dislocations is a major driving force for recrystallization. This could explain many well-known recrystallization textures of fcc and bcc metals such as the recrystallization textures of interstitial free (IF) steels, [16] [17] [18] shear rolled steel, 19 ) the evolution of the Goss texture, 20) rolled copper, 21, 22) etc. The model has been described in detail in recent reviews. 23, 24) In this study, a Ti bearing IF steel sheet was cold-rolled by 50 to 95 % and annealed at 695°C for various periods of time to form recrystallization textures. The recrystallization textures were measured using electron back scattering dif-fractions (EBSD) as well as X-ray pole figures focusing on the early stage of recrystallization. The experimental results were discussed on the basis of the strain energy release maximization model (SERM).
Experimental Procedure
The chemical composition of the IF steel sheet was 0.0015% C, 0.05% Mn, 0.006% P, 0.001% S, 0.03% Al, 0.084 % Ti, and 0.002 % N. The starting sheet for coldrolling was prepared by hot-rolling an IF steel slab reheated at 1200°C in 9 passes to 20 mm in thickness. The finishing temperature was 910°C.
The 20 mm thick sheet was cold-rolled under lubrication by 50, 80, and 95 % in thickness. The cold-rolled sheets were annealed in a salt bath at 695°C and quenched. The progress of recrystallization was investigated using Vickers hardness measurements (load: 500 g), optical microscopy, and SEM. Optical microscopy and SEM observation were carried out on the longitudinal cross sections.
The Vickers hardness values and the optical microstructures showed that the 80 % rolled sample was fully recrystallized when annealed at 695°C for 1 000 s. In order to obtain the texture of sheets, the {110}, {200}, and {211} incomplete pole figures were measured by X-ray diffraction. The pole figure data were used to calculate the orientation distribution functions (ODF) using the series expansion method (l max ϭ22).
25)
The orientations of individual grains in partially recrystallized samples were analyzed by EBSD. The EBSD pattern quality method was used to differentiate recrystallized grains from the deformed matrix, in which any distortion in crystal lattice leads to a more diffuse diffraction pattern. Krieger Lassen et al. 26) have proposed a method for describing the quality of the diffraction pattern at each point in a scan. This method uses a scalar measure based on the Fourier transformation of the diffraction image to describe the quality of the image (IQ). By examining the distribution of this measure for all the measurements in an orientation scan, it is possible to select a tolerance value for the scalar so that points with IQ values greater than this tolerance value are considered to represent recrystallized grains. 27) 
Results
The important components in the rolling texture of IF steels are approximately located along three orientation lines referred to as a, g, and e fibers. 28) These fibers are represented in the Euler space in Fig. 1 . Figure 2 shows the ODF of the center layer of the hot rolled sheet. The hot rolled sheet could have the cubic (structure)-triclinic (specimen) symmetry. Therefore, the j 1 axes has been expanded to 360°. The hot-rolled sheet has a weakly developed texture, whose main texture components are located around the {001}͗110͘ orientation. The grain size of the specimen was approximately 60 mm. [011] and has the highest density in the j 2 ϭ45°section, is plotted in Fig. 1 for reference. The {558}͗110͘ and {665}͗110͘ orientations may be approximated by the {112}͗110͘ and {111}͗110͘ orientations, respectively. The {665}͗110͘ orientation is not identified as a peak orientation, but has relatively high density and Taylor factor. The {001}͗110͘ component is the principal component inherited from the hot band. It is stable and its intensity increases with deformation. 28, 29) In order to investigate an initial stage of recrystallization, annealing was carried out at 695°C (Ϯ5°C), which is lower compared with the conventional annealing temperatures. Figures 6 and 7 show the hardness and microstructures of the 80 % cold-rolled specimens as a function of time at 695°C, respectively. The hardness decreased rapidly between annealing times of 100 and 200 s, which indicates that recrystallization took place rapidly between 100 and 200 s. The recrystallization was almost completed after 400 s. The specimen was fully recrystallized after 1 000 s. Figure 8 shows the orientation densities along the a and g fibers for the 80 % cold-rolled specimens when annealed at 695°C for various time periods. Up to 100 s, little change in the orientation density occurred, although the appearance of the {111}͗112͘ component in the g fiber was apparent. For the specimen annealed for 200 s, the orientation density along g fiber was almost as high as that of the fully annealed one, while the density along a fiber decreased with increasing annealing time. The texture change during annealing is compatible with the hardness and microstructural changes as shown in Figs. 6 and 7. show the recrystallization textures of steel sheets annealed for 1 000 s after 50, 80, and 95 % cold-rolling. The recrystallization texture is approximated by the g fiber whose main component is approximated by {111}͗112͘. The density of this orientation increased with increasing cold-rolling reduction.
In order to trace the recrystallization texture, EBSD was used to investigate the orientation distribution of the grains in the early stage of recrystallization. The EBSD of transverse sections of the partially recrystallized samples were measured. The measured area was 2.54ϫ10 Ϫ8 m 2 and the pixel size was 1.26 mm. The recrystallized grains were extracted from the image pattern quality (IQ). The tolerance was simultaneously changed until the recrystallized grains were distinguished from the deformed matrix.
The ODF of grains recrystallized in the early stage, which was selected on the basis of the IQ data in The recrystallized grains with the near {111}͗112͘ orientation were found in the elongated grains which had the near {111}͗110͘ orientations. This result is in agreement with Yoshinaga's results. 30) 4. Discussion
The Stability and Taylor Factor of An Orientation
The first step to predict a recrystallization texture by SERM model is to obtain slip systems and their activities associated with the evolution of the deformation texture. The slip systems and their activities can be obtained from the deformation texture. The crystal plasticity model adopted in the present work is based on the rate-sensitive slip with pancake constraints, where e 13 and e 23 are relaxed. 31) Recrystallization occurs first in high strain energy grains, which may be determined by the Taylor factor and the stability of their orientations. The orientations having high Taylor factors may not exist when they are not stable.
The stability of an orientation in the Euler space during straining depends on the rotation field, Ṙ (j 1 , Ḟ , j 2 ), and the divergence of the rotation field, div Ṙ . The condition for stability is that Ṙϭ0 and div Ṙ Ͻ0. However, Ṙ becomes infinity in the plane of Fϭ0°. For this reason, another stability parameter S is defined in terms of Ẇ instead of Ṙ . where e˙is the strain rate and Ẇ ij is the rigid body rotation rate and calculated by Figure 12 shows the crystal rotation field, the inverse rotation rate, and the convergence map calculated by the rate sensitive model with pancake constraints employing the {110}͗111͘ and {112}͗111͘ slip systems with a critical resolved shear stress ratio 33) being unity. This means that both of the slip systems have equal chance to activate on deformation. Figure 12 (a) shows that crystals would rotate toward the {558}͗110͘ and {001}͗110͘ orientations in the a fiber and the {111}͗110͘ orientation in the g fiber. The inverse rotation rate of the {558}͗110͘ and {001}͗110͘ orientations along the a fiber and the {111}͗110͘ orientation in the g fiber have more negative value than other orientations and so are more stable than other orientations in agreement with the experimental results.
It is known that the energy stored in deformed crystals is proportional to the Taylor factor.
34) The Taylor factor maps calculated using the full constraints and the pancake models are shown in Fig. 13 . The g fiber grains have higher Taylor factors and so higher stored energies than the a fiber grains. The dislocation density was measured to be higher in the g fiber grains than the a fiber grains. 35) This means that the driving force for recrystallization is higher in the g fiber grains than in the a fiber grains and so nucleation must be favored in the g fiber grains in agreement with the experimental results.
At the initial stage of recrystallization, the grains/nuclei with the near {111}͗112͘ orientation nucleated from deformed grains with the near {111}͗110͘ orientation (Fig.  11) . The both orientations lie along the g fiber and have 30°͗111͘ rotational relationship each other. The Taylor factor is also high around the {110}͗110͘ orientation, but this orientation is not stable during cold rolling as shown in Fig.  12. 
The Strain Energy Release Maximization Theory
for Recrystallization Textures Lee 16) proposed a model for the evolution of recrystallization textures. The recrystallization process basically occurs to reduce the energy stored during fabrication. The stored energy may include energies due to vacancies, dislocations, grain boundaries, surface energies, etc. The energy is not directional, but the texture is directional. No matter how high the energy may be, the defects cannot directly be related to the recrystallization texture, unless they give rise to some anisotropic characteristics. Understanding the sources of the directionality caused by defects may be a solution of the recrystallization texture.
An effect of anisotropy of free surface energy due to difdiv˙˙˙Ṙϭ ϩ ϩ δϕ δϕ δ δ δϕ δϕ ferences in lattice surface energies can be neglected except in the case of the grain size being much larger than the specimen thickness in vacuum or an inert atmosphere. Differences in the mobility and/or energy of grain boundaries must be an important factor to consider in the texture change during grain growth. Vacancies do not seem to have an important effect on the recrystallization texture due to their relatively isotropic characteristics. The most important driving force for recrystallization is known to be the stored energy due to dislocations. Dislocations cannot be related to the recrystallization texture, unless they give rise to some anisotropic characteristics. The dislocation array in fabricated materials looks very complicated. The dislocations generated during fabrication can be of edge, screw, and mixed types. However, their Burgers vectors can be determined by deformation mode and texture and their array can be approximated by a stable or low energy arrangement of edge dislocations. Figure 14 shows principal stress distributions around stable and low energy configurations of edge dislocations, which have been calculated using superposition of the stress fields around isolated dislocations. It can be seen that the absolute maximum normal stress direction is along the Burgers vector.
For multiple slip, the absolute maximum stress direction is calculated by the vector sum of active slip directions taking their activities into account. The activity of each slip direction is linearly proportional to the dislocation density r on the corresponding slip system, which is roughly proportional to shear strain g on the slip system. The relation between g and r is available for copper and aluminum.
36) The relation may be expressed as rç g a in general but the exponent a can be approximated by unity. It follows that |s 11 |Ϸ|s max |ç 1/Dç r ç g. Therefore, the contribution of each active slip system to the absolute maximum direction is approximated to be proportional to shear strain on it.
When a crystal rotates during deformation, the shear strain rates |dg s /de| on slip systems s can vary with strain of specimen e. In this case, the contribution of each slip system to the absolute maximum stress will be proportional to If a deformation texture is stable, the shear strain rates on the slip systems are independent of deformation, and the contribution of the slip systems to the absolute maximum stress will be proportional to the shear strain rates on them.
In order for this method to be used, it is necessary to know active slip systems and shear strain rates on them. They can be obtained from the deformation texture or in the process of simulating the deformation texture.
If a small volume in a uniaxially stressed body, whose both ends are fixed (Fig. 15(b) ), is replaced by a stress free body (Fig. 15(c) ), the strain energy of the system including the substituted body will be reduced. The strain energy released by the process is represented as the area OAB in Fig.  15(d) . The released energy will vary with Young's modulus of the substituted body. The released energy will be maximized, when Young's modulus of the substituted body is least.
The recrystallization takes place in an approximately constant volume system, that is, in a displacement controlled system, and the absolute maximum internal stress due to the dislocation array is approximated by the uniaxial stress. Therefore, the deformed or fabricated matrix and the recrystallized grain can be approximately equivalent to the stressed body and the substituted body in Fig. 15 , respectively. In this case we can state that the strain energy release can be maximized when the direction of absolute maximum internal stress due to dislocations in the deformed or fabricated material becomes parallel to the minimum Young's modulus direction in recrystallized grains (Fig. 16) .
This simple concept may be good enough for fiber textures. However, another orientation relation between the matrix and recrystallized grain must be known to obtain the recrystallization texture in general. The relation has been explained in specific examples in references. 23, 24) Young's modulus of cubic materials can be calculated When small portion of stressed body is replaced by stress free material, strain energy of system is reduced to area OBC and energy release is represented by area OAB.
using the following equation (e.g. Ref. 37) Fig. 17 , which indicates that the minimum Young's modulus direction of iron is ͗100͘.
Recrystallization in g g Fiber Grains
The evolution of the near {111}͗112͘ recrystallization texture from the near {111}͗110͘ deformation texture, or, more accurately, the evolution of the {665}͗1 1 2.4͘ recrystallization texture from the {665}͗110͘ deformation texture [(j 1 , F, j 2 )ϭ(0°, 59.5°, 45°)] has not been explained. The evolution will be discussed based on the SERM model.
The (665)[110] orientation is taken as an ideal orientation representing the {665}͗110͘ deformation texture. The (665) [110] orientation is calculated to be stable using the rate sensitive slip with pancake relaxations (e 13 . The numbers in parentheses preceding the slip directions are the absolute shear strain rates, |dg/de 11 | with de 11 ϭ0.01, on the corresponding slip systems. The numbers indicate the activities of the corresponding slip systems and are given in Table 1 . The second term direction in the absolute maximum internal stress direction is determined physically with reference to Fig. 18  (a) Fig. 18  (b) . Comparison of Figs. 18(a) and 18(b) shows that the absolute maximum internal stress direction in the deformed specimen is almost parallel to the [001] direction, the minimum elastic modulus direction of iron, in the recrystallized specimen. This is compatible with SERM model. In other Taking symmetry into account, the {665}͗110͘ deformation texture is calculated to transform to the {665}͗1 1 2.4͘ recrystallization, in agreement with the experimental result. It is noted that the {665}͗1 1 2.4͘ orientation [j 1 ϭ90°, Fϭ59.4°, j 2 ϭ45°] is almost the same as the {554}͗225͘ orientation [j 1 ϭ90°, Fϭ60.5°, j 2 ϭ45°]. This transformation relation may be approximated by the transformation from the {111}͗110͘ deformation texture to the {111}͗112͘ recrystallization texture.
Recrystallization in a a Fiber Grains
As the recrystallized {665}͗1 1 2.4͘ grains grow, they are likely to meet the a fiber grains. If the recrystallized grains are not in a favorable orientation relationship with the a fiber grains, they may not grow at the expense of the a fiber grains. Park et al. 17, 18) discussed orientation relationships between the deformation and recrystallization textures in cold rolled IF steel sheets based on both SERM model and the conventional oriented growth theory, in which the a fiber deformation texture was assumed to transform to the g fiber recrystallization texture. In their study, the orientation relationship between the deformation and recrystallization textures based on SERM model was more consistent than the conventional oriented growth theory in which grain boundary mobility anisotropy was thought to be a dominant factor controlling the recrystallization texture.
The {001}͗110͘ and {558}͗110͘ deformation orientations which are main components in the a fiber orientation are calculated to be stable using the full constraints Taylor model. 38 (101) plane is shared by the deformed and recrystallized states. This is in agreement with the prediction of SERM model. Taking the symmetry into account, the {558}͗110͘ deformation texture is calculated to transform into the {334}͗483͘ recrystallization texture. It is noted that {334}͗483͘ orientation is away from the {111}͗112͘ orientation. It is also noted that a {110} plane is shared by the deformed matrix and recrystallized grain in the transformation in a fiber grains. It is difficult to conclude whether or not the recrystallized grains nucleated from the deformed g fiber grains grew at the expense of the a fiber grains without disturbance of orientation, because the three recrystallization orientations are not the same, although they are similar. Figure 21 shows ODF calculated using Gaussian peaks of (665)[1 1 2.4], (111) [112] , and (334) [483] with scattering angle of 15°as-suming that the three recrystallization orientations are independent. The calculated recrystallization texture can be approximated by the {111}͗112͘ orientation.
Conclusions
(1) The texture of 50 % cold-rolled IF steel is approximated by the a and g fibers as well known. As the deformation increases, peak type orientations tend to form. For the 80 and 95 % cold rolled specimens, the {665}͗110͘, {001}͗110͘, and {558}͗110͘ orientations develop as main components. These orientations are calculated to be stable by the pancake constraints and full constraints rate sensitive models.
(2) In the early stage of recrystallization, recrystallized grains of the {665}͗1 1 2.4͘ orientation, which is almost the same as the {554}͗225͘ orientation, emerged from the grains with the {665}͗110͘ orientation, which is calculated to have a higher Taylor factor than the a fiber grains, which means a higher stored energy.
(3) In the later stage of recrystallization, the {111}͗112͘ and {334}͗483͘ recrystallized grains grow at the expense of the a fiber grains. The {111}͗112͘ and {334}͗483͘ recrystallization orientations are closely related to the {001}͗110͘ and {558}͗110͘ deformation orientation, respectively.
(4) The orientation transformations can be explained based on the strain release maximization model.
